We measured low substrate (<1 nM) thyroid hormone (TH) deiodination activities in liver, muscle, intestine, and brain microsomes of Atlantic hagfish fasted for 2 weeks and found extremely low thyroxine (T 4 ) outer-ring deiodination (T 4 ORD) and inner-ring deiodination (T 4 IRD) as well as 3,5,3′-triiodothyronine (T 3 ) IRD activities. T 3 ORD, 3′,5′-triiodothyronine (rT 3 ) ORD and rT 3 IRD activities were undetectable. Hagfish deiodinating pathways resembled those of teleosts in requiring a thiol cofactor (dithiothreitol, DTT) and in their inhibition by established deiodinase inhibitors and by TH analogues. However, under optimal pH and DTT conditions intestinal T 4 ORD activity exceeded that of liver about 10-fold. This contrasts with the situation in teleosts but resembles that reported recently in larval and adult lampreys, suggesting the intestine as a primary site of TH deiodination in lower craniates.
Deiodination of thyroid hormones (TH) in extrathyroidal tissues is crucial for TH interconversion and regulation of thyroidal status (McNabb, '92) . The main TH secreted from the thyroid is thyroxine (T 4 ), but for most target tissues T 4 is relatively inactive and requires loss of an outer-ring iodine to form bioactive 3,5,3′-triiodothyronine (T 3 ). T 4 outer-ring deiodination (T 4 ORD) occurs in liver and other tissues due to enzymatic deiodination activity found mainly in the endoplasmic reticulum. T 4 also undergoes inner-ring deiodination (T 4 IRD) to form the inactive T 3 isomer, 3,3′,5′-triiodothyronine or reverse T 3 (rT 3 ). T 3 itself can undergo inner-ring deiodination (T 3 IRD) to form inactive 3,3′-diiodothyronine (3,3′-T 2 ), but significant T 3 ORD activity has not been reported. rT 3 can also be deiodinated from the outer ring to form 3,3′-T 2 . The activities of these various deiodination pathways can regulate the formation and degradation of biologically active T 3 in peripheral tissues and also salvage iodine prior to TH excretion (Eales and Brown, '93) .
Several forms of TH deiodinating activity exist in teleost fish (MacLatchy and Eales, '92; Leatherland, '94; Mol et al., '93, '97, '98; Frith and Eales, '96; Orozco et al., '97) . The teleost deiodinases resemble those of tetrapods in having a selenocysteine group at their active site '97; Sanders et al., '97) , and all known deiodinases have likely evolved from a single ancestral selenocysteine-containing protein (St. Germain and Galton, '97) . Not unexpectedly, the teleost deiodinases resemble the mammalian types I, II, and III deiodinases in structure and in some aspects of their function, but they differ in several other respects (Mol et al., '98; Finnson et al., '99) . We have recently shown that an agnathan, the sea lamprey (Petromyzon marinus), also exhibits T 4 ORD, T 4 IRD, and T 3 IRD activities in liver and particularly intestinal tissue (Eales et al., '97) . Furthermore, these activities change in response to developmental state (Eales et al., '99) . Thus regulation of thyroidal status through the adjustment of the activities of extrathyroidal deiodinase enzymes had evolved at a phyletic level represented by an extant vertebrate with an ancient lineage.
Hagfish have a more ancient history than the lampreys from which they separated over 550 million years ago (Forey and Janvier, '93) . Hagfish possess thyroid tissue (Gorbman, '63; Henderson and Gorbman, '71; Fujita and Shinkawa, '75) , which concentrates radioiodide (Tong et al., '61; Waterman and Gorbman, '63; Suzuki, '82, '85) and which contains an unusual form of thyroglobulin (Suzuki and Gorbman, '74; Suzuki, '82; Ohmiya et al., '89) . Furthermore, hagfish have significant levels of both T 4 and T 3 in their blood (Henderson and Lorscheider, '75; Henderson, '76; Plisetskaya et al., '83a) , and TH administration alters aspects of intermediary metabolism (Plisetskaya et al., '83 a, b) . However, the extent and mechanism of thyroid control by the brain-pituitary axis is not fully resolved (Fernholm and Olsson, '69; Kerkof et al., '73; Dickhoff and Gorbman, '77; Dickhoff et al., '78; Gorbman, '80) . Considerable control of thyroidal status could be achieved in extrathyroidal tissues by adjusting TH deiodinating activities (Dickhoff and Darling, '83; Eales, '97) . It is therefore of interest to study the distribution and properties of TH deiodinating activity in hagfish. We have examined deiodination in certain tissues of Atlantic hagfish, Myxine glutinosa.
MATERIALS AND METHODS
Hagfish (length 26-42 cm, weight 30-83.6 g, male and female) were captured by baited traps in August 1995 in Passamaquoddy Bay, New Brunswick. They were transported to the Atlantic Veterinary College, University of Prince Edward Island, where they were fasted for 2 weeks in recirculating 35-ppt seawater in 150-L tanks at 10°C in the dark. They were anesthetized in MS222 and killed by decapitation. The brain, liver, intestine, and a sample of muscle were frozen in liquid nitrogen and stored at -80°C prior to shipment on dry ice to Winnipeg where they were stored at -76°C. Microsomes were prepared on tissues from one to three individuals (Shields and Eales, '86 ) and frozen at -76°C for subsequent in vitro deiodination assays at 12°C using 125 I-labeled rT 3 , T 4 , or T 3 as substrate (Eales et al., '97) . HPLC procedures were used to separate and identify the labeled products and followed those of Sweeting and Eales ('92a) , with specific conditions provided in the figure legends.
Rainbow trout (Oncorhynchus mykiss) liver microsomes were prepared by the same methods. Trout were obtained from stocks held in freshwater at the University of Manitoba under 12 hr L:12 hr D photoperiod and 12°C. They were fed trout grower pellets (1% of body weight/day). All animals were held and killed according to protocols approved by the Animal Care Committee of either the Atlantic Veterinary College (hagfish) or the University of Manitoba (trout).
RESULTS

T 4 substrate
Hagfish T 4 deiodination activities were first surveyed on two pools of each tissue using incubation conditions [pH 7.2, dithiothreitol (DTT) concentration 20 mM; T 4 substrate level <1 nM] found to be optimal for salmonids. T 4 ORD activity in hagfish tissues (<5 fmol/mg protein/hr) was much lower than that in trout liver (112 or 480 fmol/mg/hr) measured in the same assay (Table  1 ; Fig. 1 ). Furthermore, hagfish intestinal and he- patic T 4 ORD activities were not enhanced when 0.5 M NaCl, 0.5 M KCl, or 0.25 M NaCl + 0.25 M KCl was added to the standard buffer to create osmotic concentrations more closely matching those of hagfish body fluids. Therefore subsequent examinations of hagfish T 4 ORD properties focussed on liver and intestine using the standard assay buffer. Hepatic and intestinal T 4 ORD activity, measured at pH 7.2 and 20 mM DTT, decreased with microsomal protein concentration from 0.1 to 0.5 mg protein/ml (Fig. 2 ) but varied less above 0.5 mg/ml. Subsequent analyses were at 0.5-0.8 mg protein/ml. At pH 7.2, hepatic T 4 ORD activity was <2 fmol/hr/mg protein and uninfluenced by added DTT (1-50 mM; data not shown). In contrast, intestinal T 4 ORD activity increased with DTT concentration to 13 fmol/mg/hr at 50 mM DTT (Fig. 3) . At 20 mM DTT, hepatic T 4 ORD activity was maximal at pH 7.0 (Fig. 4A) , whereas intestinal T 4 ORD activity was maximal at pH 9.0, the highest pH measured. Subsequent intestinal T 4 ORD and T 4 IRD activities (determined in the same incubate) were measured at pH 8.0, which gives close to optimal activity for both pathways.
At near-optimal conditions (pH 8.0 and DTT 20 mM for intestine; pH 7.0 and 20 mM DTT for liver), only intestine showed enough T 4 ORD activity (10-12 fmol/hr/mg protein) to assess effects of inhibitors and analogues. T 4 ORD activity showed dose-dependent and similar degrees of inhibition by 6-n-propyl-2-thiouracil (PTU) and iodoacetate (IAC) and was completely inhibited by 3 and 10 µM aurothioglucose (ATG) (Fig. 5A) . Dose-dependent inhibition was observed for all analogues except 3,5,3′-triiodothyroacetic acid (TRIAC) (Fig. 6A) . The order of inhibition for 100-nM analogue concentrations was T 4 > rT 3 = 3,5,3′, 5′-tetraiodothyroacetic acid (TETRAC) > T 3 > 3,5-diiodothyronine (3,5-T 2 ) > TRIAC.
T 4 IRD activity for Study 1 was in the same low range (≤5 fmol/mg protein/hr) for hagfish tissues as for trout liver T 4 IRD (4 fmol/mg protein/hr), but no T 4 IRD activity was detected in hagfish tissues for Study 2 (Table 1; Fig. 1 ). Hepatic T 4 IRD activity appeared maximal for liver at pH 7.0 and for intestine at pH 8.0 (Fig. 4B) . Varying DTT concentration (1-50 mM) did not consistently enhance T 4 IRD activities (data not shown). Intestinal T 4 IRD activity at pH 8.0 and 20 mM DTT was completely inhibited by 10, 100, or 1000 µM PTU '97) and teleosts (MacLatchy and Eales, '92; Frith and Eales, '96; Cyr et al., '97; Mol et al., '98) . The dependence on DTT and the TH analogue competition profile (T 4 > rT 3 > T 3 ) were similar for hagfish intestine and for larval lamprey liver and intestine (Eales et al., '97) . However, while the hagfish hepatic T 4 ORD pH optimum of 7 resembled that for other fish (MacLatchy and Eales, '92; Eales et al., '97; Mol et al., '97, '98) , hagfish intestinal T 4 ORD activity was greatest at pH 9, the highest level tested. Also, intestinal T 4 ORD was more sensitive to inhibition by PTU, IAC, and ATG than has been observed in other fish (Frith and Eales, '96; Eales et al., '97; Mol et al., '97, '98) , although the order of inhibition (ATG > IAC > PTU) was the same. Thus hagfish T 4 ORD properties may show minor differences between tissues and minor differences from T 4 ORD properties of other fish.
The extremely low T 4 ORD activity could be due in part to the 2-week fast before sampling. Fasting decreases T 4 ORD activity in rainbow trout but not to the low levels recorded for hagfish (Sweeting and Eales, '92b). Furthermore, Pacific hagfish (Eptatretus stouti) fasted respectively for >100 days or 38 days showed no decline in plasma T 4 or T 3 levels (Plisetskaya et al., '83a) , suggesting that hagfish thyroidal status may be affected less by a prolonged fast than that of teleosts. Plasma T 4 levels in fasted M. glutinosa were also similar and showed dose-dependent inhibition with ATG and IAC (Fig. 5B) .
T 3 substrate
No T 3 ORD activity was observed in hagfish tissues or in trout liver. T 3 IRD activity was detected in all hagfish tissues but at levels below those for trout liver (Table 1 ; Fig. 7 ). Hagfish hepatic T 3 IRD activity was low or negligible at all DTT concentrations (data not shown), but intestinal T 3 IRD activity increased with increasing DTT to 50 mM (Fig. 3) . T 3 IRD activity was maximal at pH 7.0 for both liver and intestine (Fig. 4C ). Intestinal and hepatic T 3 IRD activities were not enhanced by 0.5 M NaCl, 0.5 M KCl, or 0.25 M NaCl + 0.25 M KCl addition to the standard buffer to create osmotic concentrations matching more closely those of hagfish body fluids. Intestinal T 3 IRD was strongly inhibited by ATG and IAC but not by PTU (Fig. 5C ) and it was inhibited by T 3 and TRIAC, less strongly by T 4 and TETRAC, and only slightly by rT 3 and T 2 (Fig. 6B) .
rT 3 substrate
We observed no rT 3 ORD or rT 3 IRD activities for brain, liver, muscle, or intestine during 2 hr of incubation using 0.4 nM rT 3 at pH 7.2 and 20 mM DTT.
DISCUSSION
T 4 substrate
Hagfish T 4 ORD properties for intestine and liver resembled in several respects those described for certain tissues in the sea lamprey (Eales et al., to those of E. stouti (Henderson, '76) . Some T 4 ORD activity may also have been lost during tissue storage for over 2 years at -76°C. We have found negligible loss of deiodination activity in trout liver stored at -76°C for over 2 years (unpublished data), but hagfish deiodination has not been tested in this regard. Because of the low activity we could not conduct T 4 ORD kinetic analyses because higher substrate concentrations decreased the proportion of labeled T 4 conversion below detection.
In most teleosts, the liver usually has the highest T 4 ORD activity (Morin et al., '94; Frith and Eales, '96; Cyr et al., '97; Mol et al., '98) . However, hagfish T 4 ORD activity for intestine was about ten times that of liver. Similarly, both juvenile and adult sea lamprey, P. marinus, had greater intestinal than hepatic T 4 ORD activity (Eales et al., '97) . Thus in these phyletically ancient extant craniates, the intestine may play a Hagfish T 4 IRD activity, when detected, was relatively high in brain compared to other tissues. This resembles the pattern for rainbow trout (Frith and Eales, '96) . Hagfish brain T 4 IRD activity (Study 1) was comparable to that of simultaneously assayed trout liver but 8 times lower than that predicted for trout brain based on measured kinetic values (Frith and Eales, '96) . Although T 4 IRD activity was low, the pH optimum appeared different between liver and intestine. In contrast to all other fish deiodination systems studied to date, PTU was a more potent inhibitor than ATG or IAC (Frith and Eales, '96; Cyr et al., '97; Eales et al., '97; Mol et al., '97, '98) .
T 3 substrate
T 3 IRD activity occurred in all hagfish tissues tested but was lower than for trout liver. Hagfish hepatic and intestinal T 3 IRD systems had similar pH optima and DTT requirements and closely resembled teleost T 3 IRD characteristics (Frith and Eales, '92; Mol et al., '97, '98) . Thus during craniate evolution the properties of the T 3 IRD system may have been more strongly conserved than those of the other deiodination systems. The differences in substrate preference, DTT requirement, pH optimum, and inhibition by PTU between hagfish T 4 IRD and T 3 IRD activities suggest that these two iodothyronine inner-ring deiodination pathways may be catalyzed by separate enzymes.
rT 3 substrate
In contrast to several teleost species '97; Mol et al., '97, '98; Finnson et al., '99) , no rT 3 ORD activity could be detected in any of the hagfish tissues tested at sub-nanomolar rT 3 substrate levels. rT 3 did compete with T 4 in the T 4 ORD pathway but the competition was negligible at rT 3 concentrations of 10 nM or lower. The negligible rT 3 ORD activity could be due to the fasting state of the hagfish. Alternatively, rT 3 ORD activity may serve mainly as a mechanism to conserve iodine (Finnson et al., '99) , potentially an important function in freshwater or euryhaline fish species but possibly less so in the osmoconforming marine hagfish.
CONCLUSIONS
We have shown that liver, muscle, intestine, and brain of hagfish exhibit low-substrate enzymatic outer-ring and inner-ring deiodination of T 4 and inner-ring deiodination of T 3 but no deiodination of rT 3 . The extremely low deiodination activities are likely only partly due to fasting. Hagfish deiodinating systems share many properties with those of teleosts but may differ in minor respects. T 3 IRD appears the most highly conserved of the deiodinating systems. The relatively high specific activity of hagfish and lamprey intestinal deiodination suggests the intestine as a primary deiodination site in ancestral craniates. -(radioiodide). HPLC conditions: C-18 150 × 4.6 mm Econosphere column at 30°C; elution at 1 ml/ min with 42% acetonitrile/58% water (0.1% trifluoroacetic acid) from 0 to 10 min and then increasing linearly to 47% acetonitrile at 14 min. (A) Control (no microsomes), (B) trout liver, (C) hagfish intestine, (D) hagfish liver.
